Contents of Ga and Ge in granites, rhyolites, orthogneisses and greisens of different geochemical types from the Bohemian Massif were studied using inductively coupled plasma mass spectrometry analysis of typical whole-rock samples. The contents of both elements generally increase during fractionation of granitic melts: Ga from 16 to 77 ppm and Ge from 1 to 5 ppm. The differences in Ge and Ga contents between strongly peraluminous (S-type) and slightly peraluminous (A-type) granites were negligible. The elemental ratios of Si/1000Ge and Al/1000Ga significantly decreased during magmatic fraction: from ca. 320 to 62 and from 4.6 to 1.2, respectively. During greisenization, Ge is enriched and hosted in newly formed hydrothermal topaz, while Ga is dispersed into fluid. The graph Al/Ga vs. Y/Ho seems to be useful tool for geochemical interpretation of highly evolved granitoids.
Introduction
Gallium and germanium are relatively scarce elements and have chemical characteristics similar to those of the common elements Al and Si, respectively. Minerals with substantial amounts of Ga and Ge are rare. Gallium forms only several rare species such as gallite (CuGaS 2 ) and sohngeite (Ga(OH) 3 ). Germanium forms about 25 rare species, such as germanite (Cu 26 Fe 4 Ge 4 S 32 ), renierite ((Cu,Zn) 11 (Ge,As) 2 Fe 4 S 16 ), argyrodite (Ag 8 GeS 6 ), and argutite (GeO 2 ). Generally, Ga and Ge are disseminated in rocks in minerals of Al and Si (camouflage principle for trace element distribution according to Goldschmidt 1937) , which makes these two elements suitable geochemical tracers of past geological processes.
The known whole-rock and mineral abundances of Ga and Ge up to1970 were summarized by Wedepohl (1972) , and data for Ge through 2006 were published by Höll et al. (2007) . The reason for the little interest of petrologists in Ga and Ge lies in the difficulty involved in chemically identifying both elements because their contents cannot be established using conventional analytical methods such as X-ray fluorescence (XRF), atomic absorption spectrometry (AAS) or inductively coupled plasma with optical emission spectrometry. Nevertheless, Ga has recently been determined (using namely the ICP-MS technique) in bulk-rock samples more frequently than Ge (e.g. Goodman 1972; Argollo & Schilling 1978; Collins et al. 1982; Whalen et al. 1987; Paktunc & Cabri 1995; Macdonald et al. 2007 Macdonald et al. , 2010 Flude et al. 2008; Kelly et al. 2008) . Selected published whole-rock data of Ga and Ge are summarized in Table 1 .
Gallium and germanium geochemistry during magmatic fractionation and post-magmatic alteration in different types
of granitoids: a case study from the Bohemian Massif (Czech Republic)
The relative behaviour of pairs of chemical elements with similar geochemical properties has been studied for many years. Pairs of chemical elements with identical valence bonds but different deeper electron structures behave in similar manners both chemically and geochemically (Goldschmidt 1937; Clarke 1992; Best 2003; Shaw 2006) . They have similar ionic radii and ionization potentials. Particularly important is the fact, that proportions of such pairs of chemical elements are independent of their absolute abundances. Different properties of the deeper atomic structure, which may induce change in element proportions, are manifested only in specific condi- Paktunc & Cabri (1995) 14-25 Granites Collins et al. (1982) 12-22 I-type granites Whalen et al. (1987) 16±2 S-type granites Whalen et al. (1987) 17±2 A-type granites Whalen et al. (1987) 24.6±6 Rhyolite, granite Shaw (1957) 16 Tonalite, granodiorite Shaw (1957) 21.4 Alkaline rhyolite Macdonald et al. (2010) 29-33 Hawaiian bazalt Argollo & Schilling (1978) 18-27 1.1-1.5 Granites Wedepohl et al. (1972) 15-35 1-3 Alkaline rocks Wedepohl et al. (1972) 20-76 1-3 Rhyolitic glases Macdonald et al. (2007) 2.2-3.9 Granites Bernstein (1985) 0.5-4.0 tions. This means that an unusual elemental ratio in a particular rock sample can provide information about specific processes that occurred during the evolution of the rock. Pairs of chemical elements, such as K-Rb, Nb-Ta or Zr-Hf, have been studied because they play an essential role in petrology and mineralogy (Černý et al. 1986; Clarke 1992; Linnen & Kepler 1997; Uher et al. 1998; Finch & Hanchar 2003; Hoskin & Schaltegger 2003; Breiter et al. 2006 Breiter et al. , 2007b . They reflect the evolution of silicate melts through fractional crystallization or fluid-melt immiscibility. In theory, Al-Ga and Si-Ge pairs may play a similar role in petrological interpretations. However, in practice these pairs have been utilized only sporadically. The existing petrological studies of the behaviour of Ga and Ge during fractionation of silicate melts have focused almost exclusively on volcanic rocks: Paktunc & Cabri (1995) compiled data for Ga in oceanic basalts ranging from 15 to 25 ppm. Argollo & Schilling (1978) studied Si/Ge and Al/Ga ratios in Hawaiian basalts. Macdonald et al. (2007 Macdonald et al. ( , 2010 found 2.3-3.9 ppm Ge and 28.9-33.3 ppm Ga in glassy matrix from peralkaline rhyolites from the Kenya Rift Valley. The Al/Ga and Si/Ge ratios in aforementioned rocks range between 1,000-10,000 and 100,000-1,000,000, respectively.
In the field of granitoids, Collins et al. (1982) and Whalen et al. (1987) analysed 163 samples of different granitoids containing 15-50 ppm Ga and proposed to use the Ga/Al ratio for geochemical discrimination of A-type granites (10000Ga/Al > 2.6, i.e. Al/Ga < 3800 in A-type granites). According to Cotton & Wilkinson (1980) , GaF 6 3+ complexes are more stable in water-undersaturated melts than AlF 6 3+ ; this may be the reason for the increase in Ga/Al ratios in A-type melts.
In the case of Ge, no models of its behaviour in magmatic processes have been proposed. Wedepohl (1972) summarized the Ge contents of granitoids from 1 to 3 ppm. Some older studies stressed the enrichment of Ge during the greisenization of granites (Shcherba et al. 1966) .
The aims of this paper, based on samples from the Bohemian Massif, are: (1) to provide pilot data on contents of Ga and Ge in granitoids of different geochemical types; (2) to discuss the changes in Al/Ga and Si/Ge ratios as a result of (i) different magma protoliths and (ii) different degrees of fractionation; (3) to assess the possibility of using Al/Ga and Si/Ge ratios for petrological considerations and interpretations.
Geological setting and studied samples
Within the Bohemian Massif, several contrasting types of Paleozoic granitoid plutons (Cháb et al. 2010) occur. The complexes of granitic rocks (plutons) selected for this study include the major types of magmas intruding during the Late Cambrian and Carboniferous in Central Europe. Some of the plutons comprise suites of intrusions that differ in their degrees of fractionation, for example, in their contents of major and trace elements. Therefore, the samples studied here combine the differences resulting from the parent magma composition, with differences caused by melt fractionation and other possible mechanisms. The following main types of Paleozoic granitoid plutons in the Bohemian Massif were collected (Fig. 1 , Table 2 ):
The Cambro-Ordovician peraluminous intrusive complex in the Moldanubicum, which has been transformed into ortho- Fig. 1 . Distribution of the studied granitic plutons within the Bohemian Massif, Czech Republic (from Cháb et al. 2010, modified Vrána & Kröner 1995) . This complex comprises more than 20 bodies of biotite, two-mica and muscovite-garnet-tourmaline orthogneisses, the latter of which are enriched in Na, P, B, and Sn (Breiter et al. 2005a ). The Tis Pluton (504 Ma; Venera et al. 2000 ) is a typical representative of the Cambro-Ordovician peraluminous geochemically primitive granites in the Teplá-Barrandian area in Western Bohemia. The unmetamorphosed and only locally slightly deformed Tis pluton is composed of biotite granodiorite and biotite granite (Breiter 2004) .
The Central Bohemian Pluton (CBP) situated in the southcentral part of the Czech Republic is a typical composite pluton of I-type (350-336 Ma; Holub et al. 1997a,b; Janoušek & Skála 2011) . It comprises intrusive suites of different geochemical types: (i) calc-alkaline mostly metaluminous amphibole-biotite tonalites and quartz diorites to biotite trondhjemites and granodiorites with associated basic rocks (Sázava suite); (ii) high-K calc-alkaline biotite ± amphibole granodiorites and granites (Blatná suite); (iii) highly K, Mg-enriched amphibole-biotite melasyenites and melagranites (durbachites) and associated K, Mg-rich biotite granites (Čertovo břemeno suite); and (iv) peraluminous biotite ( ± muscovite) granites (Říčany suite). The Sázava suite is supposed to represent the melting of reworked material originating from a depleted mantle wedge and subducted oceanic sediments, while rocks from the Blatná suite were generated by the remelting of heterogeneous Neoproterozoic and Cambrian crust (Janoušek & Skála 2011). The high-K, Mg melagranitoids (durbachites) are believed to be the product of the melting of the metasomatized upper mantle (Holub et al. 1997b) .
The South Bohemian Pluton is a complex of Variscan peraluminous granites in southern Bohemia and northern Austria (330-315 Ma). The pluton is composed of several composite plutons; the largest are the Melechov Massif on the north (Breiter & Sulovský 2005) , the Central Massif on the SE (Breiter & Koller 1999) and the Plechý Massif on the SW (Breiter et al. 2007a) . Petrographically, the pluton comprises slightly deformed biotite > muscovite granites of Lipnice type, slightly deformed two-mica granites of Lásenice type, undeformed two-mica granites (Mrákotín, Číměř and Aalfang types), younger fractionated two-mica granites (Eisgarn type s.s. according to Waldmann 1950) and topaz-muscovite granites enriched in Na, P, F, Rb, Sn and Nb. All these rocks represent the product of voluminous melting of crustal rocks (Breiter & Scharbert 1995; Finger et al. 1997; Gerdes et al. 1998) . The Weinsberg and Mauthausen massifs (Finger et al. 1997 ) located further to the south in Austria are not included in this study.
The Nejdek Pluton is the most typical example of a strongly peraluminous rare metal-bearing pluton in the western Krušné Hory/Erzgebirge area. This pluton is composed of two suites traditionally described as "intrusive complexes". The older intrusive complex is composed of several textural types of biotite granites, while the younger intrusive complex comprises biotite granites followed by intrusions of F, P, Li, Rb, Sn, and U-enriched Li-mica-topaz granites (ca. 330-312 Ma; Förster et al. 1999 ). This evolution terminated in the extremely fractionated P-, F-, Na-, Li-, Sn-, Nb-, The late-Variscan A-type volcano-plutonic complex of the eastern Erzgebirge (Altenberg-Teplice caldera) comprises comagmatic slightly peraluminous "Teplice rhyolite" (309 Ma; Hoffmann et al. 2013 ) and slightly younger rare metal granites of the Cínovec Pluton (Breiter 2012) .
Contents of Si, Al, K, Ga and Ge, as well as some trace elements, were analysed in typical whole-rock samples representing the magmatic evolution of all of the aforementioned plutons (Table 2 ).
Analytical methods
Contents of Al, Si, Ga and Ge were determined using ICP-MS in the laboratory of the Department of Chemistry, Masaryk University Brno, Czech Republic. Whole-rock granitoid samples and the certified reference material (CRM GBW07406, National Reasearch Center for CRMs, China) were decomposed using fusion with LiBO 2 (Spectromelt A20, Merck), (0.2 g of a sample with 1.0 g of LiBO 2 ). The resulting borosilicate glass bead was dissolved under stirring in 20 ml of 0.7 mol/l HNO 3 , the solution was transferred into a volumetric flask and after addition of internal reference element (Se) filled up 250 ml with deionized water. Blank solutions were prepared in the same way as the samples. The set of 6 calibration solutions containing Ga and Ge in the range from 0 to 200 µg/l were used for their determination in samples. For suppressing of matrix effect caused by HNO 3 all the calibration solutions were prepared using 0.06 mol/l HNO 3 and selenium was used as an internal standard. The ICP spectrometer (Agilent, 7500CE, Sta Clara, CA, USA) is equipped with collision-reaction cell for suppressing possible isobaric interferences. The generator power input was 1500 W, outer plasma gas flow rate (Ar) 15.0 l . min Fe, which was suppressed insufficiently by collision reaction cell, the isotopes 71 Ga and 73 Ge were only used for determination. For quality control the CRM GBW7406 was analysed in each set of dissolved samples.
The content of potassium was analysed in the laboratory of the Czech Geological Survey, Prague using the atomic absorption method. Replicate analyses of international reference material (JG-3 granodiorite; Geological Survey of Japan) yield an average error (1 ) of ± 1 % with respect to recommended values (Govindaraju 1994) . The trace elements (Rb, Y, Ho) were determined by ICP mass spectrometry following a lithium metaborate/tetraborate fusion and nitric acid digestion of a 0.2 g sample in the laboratory of ACME, Vancouver, Canada. (Details in http://acmelab.com/.)
The accuracy of determination of Ga and Ge was checked by analysis of CRM GBW7406. The results of Ga and Ge determination and their limits of detection (LOD) are given in Table 3 . The average content is calculated from 6 analyses of the CRM. Accuracy was statistically tested and no significant differences between certified and determined values were found. LOD was calculated according to IUPAC 3 definition.
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; where 3 bl is standard deviation of blank calculated from 5 replicates, S is slope of calibration line of given isotope. 
Results
The contents of Al, Si, Ga and Ge, including their standard deviations, in the analysed granites, rhyolites and orthogneisses are summarized in Table 2 and illustrated in Fig. 2 . It follows from Table 2 that the contents of Ge and Ga are well above their LODs. The complete data set used for figure constructions is accessible as an electronic attachment.
The Al-contents in A-type rocks is distinctly lower (6.6-7.2 wt. % Al, 12.5-13.6 wt. % Al 2 O 3 ) than in S-and I-type rocks (7.0-8.4 wt. % Al, 13.3-15.9 wt. % Al 2 O 3 ). The content of 6.8 wt. % Al (12.85 wt. % Al 2 O 3 ) can serve as useful value for discrimination of A-type granitoids.
The content of Si in A-type granites (mostly 34.7-36.0 wt. % Si, 74.2-77.1 wt. % SiO 2 ) is generally higher than those in S-type granites (mostly 33.0-34.5 wt. % Si, 70.7-73.7 wt. % SiO 2 ) and I-type rocks (29.4-34.6 wt. % Si, 63-74 wt. % SiO 2 ). Only several samples have Si-contents outside the aforementioned intervals: quartz-rich greisen of S-type granites (up to 38.3 wt. % Si, 81.8 wt. % SiO 2 ), some S-type granodiorites (down to 30.6 wt. % Si, 65.7 wt. % SiO 2 ) and A-type granite porphyry (down to 31.8 wt. % Si, 68.1 wt. % SiO 2 ). The content of 35 wt. % Si (ca. 75 wt. % SiO 2 ) can discriminate the majority of the A-type rocks.
The Ga contents in the studied samples range from 7.8 to 77.4 ppm. The values for the less-and moderately fractionated rock types range from 14 to ca. 35 ppm. Higher values were found in strongly fractionated rare-metal A-type granites (up to 47 ppm) and strongly peraluminous S-type granites (up to 77 ppm). The lowest contents were found in hydrothermal greisens of peraluminous granites (less than 10 ppm). The Al/1000Ga values varied between 1.2 and 5.9 in granites and rhyolites, between 2.8 and 4.4 in orthogneisses, and between 7.2 and 9 in greisens.
The Ge contents vary from 1.0 to 8.8 ppm. Most of the less and moderately fractionated granitoids exhibited ranges GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2013, 64, 3, 171-180; Electronic Supplement, i of 1.5 to 2.5 ppm, and the highly fractionated ones had ranges of 2.5 to 5 ppm. The highest values, 7.6 and 8.8 ppm, were found in metasomatic greisens. The Si/1000Ge ratio varies from 100 to 320 in less fractionated granites and rhyolites and from 69 to 125 in highly fractionated granites. The Si/1000Ge values in orthogneisses are similar to those of granites, ranging from 81.8 to 246. The lowest Si/1000Ge values (41-50) were found in greisens of peraluminous granites.
Discussion
In more places through the text we use the term "fractionated granites". This term refers to rocks to varying degrees enriched with some LILE (large-ion lithophile elements like K, Rb, Cs), HFSE (high field strength elements like U, Nb, Ta, Sn, W) and fluxing agents (F, P, H 2 O) which generally underwent long fractional crystallization from the primary melt. These rocks are also called "specialized granites" or "rare-metal granites". From the mineralogical point of view, they are usually composed of albite, K-feldspar, quartz, Libearing mica and topaz (or fluorite). For this group of rocks there is no universally applicable index of fractionation. Increase of silica, widely used for this purposes in Harker's diagrams, is not applicable here. In the most evolved peraluminous rocks, due to enrichment in alkalis, fluorine and phosphorus, silica decreases Breiter et al. 2005b) . Förster et al. (1999) proposed to use for this purpose the value 1/TiO 2 . According to our opinion, the traditional K/Rb-value is well applicable marker of fractionation for all geochemical types of rock (I-, S-and A-types) and it is applied in this paper. We use the term "fractionated granites" for rocks with K/Rb < 75.
Changes in Al/Ga and Si/Ge values during pluton evolution
The most widely used chemical indicator of evolution of magmatic rocks is the K/Rb value (Clarke 1992) . Rubidium has a larger ionic radius than the potassium, making it less compatible with the crystal lattice of common K-bearing silicates. As a consequence, K preferentially concentrates in crystallizing minerals during melt crystallization, while Rb remains in the residual melt. This results in a systematic decrease in K/Rb value during fractional evolution of the parental melt.
Our study includes plutons composed of (i) suits with different protoliths (Central Bohemian Pluton), (ii) group of repeated intrusions from the same source (Nejdek Pluton, Teplice caldera), and (iii) plutons combining both these principles (South Bohemian Pluton, Rozvadov Pluton). In all these cases, decrease of the K/Rb value clearly illustrates the general geochemical evolution of the pluton: K/Rb decreases from 300 in the early down to 20 in the final products of magmatic evolution.
The differences in ionic radii and ionization potentials between Si and Ge and between Al and Ga indicate that a relative Ge and Ga enrichment of residual melts should be expected (Goldschmidt 1937; Wedepohl 1972) . As result, the Si/Ge and Al/Ga values will decrease during fractionation. Argollo & Schilling (1978) demonstrated that during the crystallization of Hawaiian basalts, an increase of Ga and Ge contents was simultaneously accompanied by an increase of Al and Si contents; as a result, no systematic changes in Si/Ge or Al/Ga values were observed in these basalts. In contrast, all studied granitic plutons from the Bohemian Massif show distinct decrease in both ratios during fractionation, as theoretically expected.
During magmatic evolution of individual plutons, the Al/Ga values generally decreased due to an increase in Ga, but increased during post-magmatic high-temperature hydrothermal greisenization due to a strong decrease in Ga (Fig. 2c) . For example, the Al/1000Ga-value decrease in the I-type Central Bohemian Pluton from 5.1-5.9 in tonalites of the Sázava-suite through 3.8-4.1 in granodiorites of the Blatná suite to 3.4 in the Říčany granite. In the S-type granites from the Nejdek Pluton, this value decreased from 3.5-3.7 in the older biotite granites down to 1.2 in the younger albite-zinnwaldite granites. Similarly in the A-type caldera system, the Al/1000Ga value decreased from ca. 3.5 in rhyolites to < 2 in zinnwaldite granites. On the other side, in the S-type South Bohemian Pluton this value scattered without any distinct trend. Whalen et al. (1987) considered the Al/Ga ratio to be critical for distinguishing A-and S-type granitoids. According to our results, this criterion cannot be applied generally. The highest Ga contents were detected in strongly peraluminous S-type granites: up to 67 ppm Ga (Al/1000Ga = 2.6) in a topaz-lepidolite granite at Beauvoir, France (Raimbault et al. 1995) and 77 ppm Ga (Al/1000Ga = 1.2) in albite-zinnwaldite granite at Podlesí, Czech Republic (this paper). This is more than in the A-type granites from the Erzgebirge (32-47 ppm Ga, Al/1000Ga = 1.5-2.3; this paper) or in the highly fractionated A-type Madeira Complex in Brazil (max. 59 ppm Ga, Al/1000Ga = 2.2; Lenharo et al. 2003) . Differences in the ionic potentials of Al and Ga are particularly manifested in water-and F-rich residual melts where a distinct relative enrichment with Ga occurs, regardless of the geochemical type of parental magma. In contrast, the lowest contents of Ga (7.8-10.9 ppm) and thus the highest Al/1000Ga value (ca. 8) were found in greisens of peraluminous granites where Ga was released during the hydrothermal decomposition of feldspars and partitioned into a fluid phase. While Al was immediately incorporated into newly formed topaz, Ga was washed out from the rock.
The Si/1000Ge ratio decreases during magmatic evolution of some plutons, such as in the S-type Nejdek Pluton from the western Erzgebirge (from ca. 295 in biotite granites to ca. 70 in albite-zinnwaldite granite), in the A-type caldera granites from the eastern Erzgebirge (from ca. 240 in biotite granite to ca. 120 in zinnwaldite granite) and in the I-type Central Bohemian Pluton (from 229 in the Sázava tonalite to 156 in the Říčany granite). In the S-type South Bohemian Pluton the Si/1000Ge value scattered between 320 and 56 without correlation with the K/Rb value. But when we examine the samples from the South Bohemian Pluton in more detail (Fig. 3) , we find out that the dispersion of data has a geological background:
Samples from the Central Massif form one array, with positive correlation between Si/Ge-and K/Rb-values. We conclude that all these rock samples are products of fractionation from one parental melt. The only sample positioned outside this array is slightly altered and thus impoverished in Rb.
The samples from the Melechov Massif form three groups corresponding to different textural facies within the massif: the fine-grained two mica granite of Kouty type (Si/1000Ge = 320), fine-grained biotite > muscovite granite GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2013, 64, 3, 171-180; Electronic Supplement, i of Lipnice type (Si/1000Ge = 185-194) and coarse-grained two-mica granite of Melechov type (148-155). In this case, different enrichment in Ge, at the same K/Rb-value, may result from differences in protolith involved in melting of individual intrusions.
In the case of the Plechý Massif, the scatter in both Si/Geand K/Rb-values does not correspond to textural facies distinguished within the massif (Breiter et al. 2007a ) and should be interpreted as a result of the internal inhomogeneity of this intrusive body.
When comparing the Si/Ge and Al/Ga ratios (Fig. 4) , the Si/Ge ratio more accurately illustrates the general process of differentiation, which meant evolution from the primitive to the more evolved melts. The same trend also follows during high-temperature greisenization. The Al/Ga value can better discriminate the latest highly fractionated rocks. However, this value varies considerably in the crystallization products of the late F-rich melts at Podlesí (enrichment in albite-rich layered rocks) and products of hydrothermal alteration (decrease in greisens).
The Ge and Ga contents of Moldanubicum orthogneisses correspond to their overall contents in granites of similar composition, which indicates that neither element was considerably redistributed during regional amphibolite-facies metamorphism.
Changes in water-rich melts and during hydrothermal processes
The Y/Ho value changes little during fractional crystallization of silicate melts. However, this ratio appears to be sensitive to processes occurring in residual water-rich melts associated with the admixture of fluids (Bau 1996; Irber 1999) .
A graph showing the Al/Ga vs. Y/Ho ratios (Fig. 5) illustrates the dissimilarity of various processes occurring during the late stages of development of fractionated granites. The majority of analysed S-type granite samples fall in a narrow interval for both ratios that correspond to fractional crystallization of a common granite melt: the Al/1000Ga ratio ranges from 4.5 to 1.5, and the Y/Ho ratio ranges from 30 to 40. Two samples with high Al/Ga values represent quartz-topaz greisens of a metasomatic nature, formed when Ga was removed with the fluid phase during the alteration and decomposition of primary feldspars and micas, while Al remained fixed in authigenic micas and topaz. Four samples with low Al/Ga ratios and the highest Y/Ho values represent the terminal stage of fractional crystallization of an S-type melt rich in Na, F and water. In this case, the Ga content increased (Al/1000Ga < 1.5), and the melt became completely depleted of Ho, which entered zircon and, to a lesser extent, xenotime, while some Y remained in the melt (Y/Ho> 50). A-type granites in the Bohemian Massif are represented only with strongly fractionated facies with low Al/Ga values. However, even in this particular case, the Y/Ho values enable us to distinguish rocks that underwent only fractional crystallization from the melt (Y/Ho= 40-50), from rocks with miaroles, which argues for the admixture of a fluid phase from the melt (Y/Ho= 25-30). During this stage, xenotime, which was the primary host of HREE, was destroyed, and secondary REE minerals (fluorides, oxyfluorides and fluorocarbonates) were immediately formed. During this process, Y is more mobile than Ho (Breiter et al. 2009 ), which results in a decrease in the Y/Ho value in the rock (Y/Ho= 25-32).
Conclusions
The main results of this study of the distribution and behaviour of Ga and Ge in granites can be summarized as follows:
Gallium contents vary from 16 to 77 ppm in the studied granitoids, and from 8 to 11 ppm in greisens.
Germanium contents range from 1 to 5 ppm in granitoids and from 8 to 9 ppm in greisens.
During fractionation, magma becomes relatively enriched with Ga and Ge, while the Si/Ge and Al/Ga values decrease.
Gallium contents and Al/Ga values can be used to distinguish A-and S-type granitoids only in a very limited way.
The maximum Ga enrichment occurs at the end of fractionation of water-and F-rich melts, where the differences between the ionic radii and complexation potentials of Ga and Al become more distinct. The maximum contents of Ge were detected in metasomatic greisens.
During hydrothermal greisenization, Ga becomes dispersed while Ge is conserved in newly crystallizing quartz and topaz.
The metamorphism of amphibolite facies has no visible effect on the distribution of Ge or Ga.
The Al/Ga vs. Y/Ho diagram seams to be useful tool for discrimination of different kinds of highly evolved granitic melt and products of their hydrothermal alteration.
